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Botrytis grey mould (BGM), caused by Botrytis cinerea Pers. Ex. Fr., is a destructive foliar disease of
chickpea (Cicer arietinum L.) worldwide. Disease management through host-plant resistance is the most
effective and economic option to manage this disease. The objective of this study was to identify new
sources of resistance to BGM, validate their stability across environments and determine the magnitude
of G  E interaction. One hundred and nine chickpea genotypes with moderate levels of resistance (BGM
severity 5.0 on a 1e9 scale) were selected from the preliminary evaluation of 412 genotypes including
germplasm and breeding lines under controlled environmental conditions in 2004e2005 at the Inter-
national Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India. In order to
validate resistance stability, an ‘International Botrytis Grey Mould Nursery’ (IBGMN) was constituted
with 25 genotypes and tested in multi-environments for BGM resistance at two locations (Gurdaspur and
Pantnagar) in India for 4 years and two locations (Tarahara and Rampur) in Nepal for 3 years. Additive
main effects and multiplicative interaction (AMMI) analysis showed signiﬁcant genotype (G), environ-
ment (E) and G  E interaction (p < 0.0001) with largest contribution by environment (47.36%). The ﬁrst
two principal component axes were signiﬁcant, and contributed 48.21% to the total G  E interaction. The
AMMI biplot analysis allowed the selection of ﬁve genotypes ICCV 96859, ICCV 96853, ICCV 05604, ICCV
96852 and ICCV 05605 with low BGM severity (between 3.7 and 4.7 on 1e9 scale) and moderate sta-
bility. Genotype ICCV 96859 having least disease severity and moderate stability could be highlighted
and exploited in chickpea resistance breeding programmes.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Chickpea (Cicer arietinum L.), is globally the third most impor-
tant food legume crop of the world and the ﬁrst most important
pulse crop of India (http://www.icrisat.org/crop-chickpea.htm).
The chickpea seeds are used for both human and animal con-
sumption. It contains a high level of proteins (20e23%), carbohy-
drates (60.7%), and dietary ﬁbres (17.4%) (Jukanti et al., 2012). South
Asia is by far the largest producer and consumer of chickpea
(FAOSTAT, 2010). The average global productivity of chickpea is
about 0.8 t ha1, far below the actual yield potential, because the
crop is subjected to large number of biotic and abiotic stresses.: þ91 40 30713074.
ma).
All rights reserved.Among the biotic stresses, Botrytis grey mould (BGM, Botrytis cin-
erea Pers. ex. Fr.) is the second most important foliar disease after
Ascochyta blight (Ascochyta rabiei (Pass.) Lab.). It is prevalent in
South Asia (India, Bangladesh, Pakistan, Iran and Nepal), Australia
and the Americas, and can cause complete yield loss in years with
extensive rains and high humidity (Pande et al., 2006). The disease
is the major cause for decline in chickpea area and production in
northern and eastern India, Nepal (Pande et al., 2005) and
Bangladesh (Bakr et al., 2004). Deployment of host plant resistance
(HPR) is the best means of combating disease and more relevant in
a crop like chickpea, which is predominantly grown by resource
poor farmers. Germplasm with only moderate levels of resistance
to BGM has been identiﬁed (Davidson et al., 2004; Pande et al.,
2006) and integration of moderate levels of HPR with judicious
use of fungicides as foliar application is reported for the sustainable
chickpea production (Pande et al., 2005). In order to develop
Table 1
Chickpea genotypes used in the IBGMN in India (2006e07 to 2009e10) and Nepal (2007e08 to 2009e10).
Serial no. Genotype Collection Type Pedigree
1 EC 516700 Breeding line Desi 99315-1044
2 EC 516716 Breeding line Desi 99039-1298
3 EC 516751 Breeding line Desi 98003-1004
4 EC 516824 Breeding line Desi 98047-1072
5 EC 516891 Breeding line Desi 98063-1042
6 EC 516936 Breeding line Desi bold 98047-1069
7 EC 516968 Breeding line Desi 99142-1003
8 EC 516976 Breeding line Desi 98047-1076
9 EC 517041 Breeding line Desi 98314-1005
10 ICCV 04609 Breeding line Desi Dhanush  K 850
11 ICCV 05604 Breeding line Desi bold ICC 1069  K 850
12 ICCV 05605 Breeding line Desi bold ICC 1069  K 850
13 ICCV 88103 Breeding line Desi ICCC 13  ICCC 18
14 ICCV 89332 Breeding line Desi bold JG 74  K 850
15 ICCV 93928 Breeding line Desi CTCPS 50467  ICCL 86233
16 ICCV 96817 Breeding line Desi (K 850  ICCL 80074)  (LM 2100  Dhanush)
17 ICCV 96852 Breeding line Desi bold (ICC 12237  ICC 10690)  (L 132-1  ICCL 85216)
18 ICCV 96853 Breeding line Desi bold ICCL 8000Y  L 132-1
19 ICCV 96859 Breeding line Desi bold [ICCV 89853  E 100Y(M)]  C 235
20 ICC 14344 Accession Desi e
21 ICC 4063 Accession Desi e
22 ICC 4065 Accession Desi e
23 ICC 4074 Accession Desi e
24 ICC 4951 Accession Desi e
25 ICC 4954a Released variety Desi e
a ICC 4954 is susceptible cultivar.
M. Sharma et al. / Crop Protection 54 (2013) 106e113 107effective strategies for management of BGM, it is important to
obtain information on stability of resistant genotypes across a
range of environments. Several methods have been proposed to
analyse performance of genotypes across the environments (Finlay
and Wilkinson, 1963; Eberhart and Russell, 1966; Gauch and Zobel,
1997). Two frequently used models for statistical analyses of
genotype  environment data have been the genotype and
genotype environment interaction (GGE) model (Yan et al., 2000;
Yan, 2001) and the additive main effects and multiplicative inter-
action (AMMI) model (Gauch et al., 2008). Recently many review
articles have compared both these models thoroughly listing their
advantages and disadvantages (Gauch, 2006; Gauch et al., 2008;
Yan et al., 2007). The GGE model has been utilized to identify
breeding lines and cultivars that are resistant to various diseases in
chickpea and faba bean (Villegas-Fernandez et al., 2009, 2011;
Rubiales et al., 2012; Sharma et al., 2012; Pande et al., 2013). Use
of AMMI in analysing the multi-environment disease data to
identify stable sources of resistance has also been reported (Forbes
et al., 2005; Shagol and Tad-awan, 2008). Genotype  environment
(G  E) interactions are important in the development andTable 2
Description of environments (combination of location and season) of the IBGMN in India
Location Latitude (N) Longitude (E) Altitude (m) Environmenta S
Gurdaspur, India 32030 75520 242 GURD 07 2
GURD 08 2
GURD 09 2
GURD 10 2
Pantnagar, India 30 550 75 540 255 PANT 07 2
PANT 08 2
PANT 09 2
PANT 10 2
Tarhara, Nepal 26420 87160 200 TARA 08 2
Rampur, Nepal 27500 86340 286 RAMP 09 2
RAMP 10 2
a Environment is denoted as ﬁrst four letter of the each location followed by year of s
b Climatic data are provided for the growing season (Max. T, maximum temperature
minimum relative humidity).evaluation of stable disease resistant varieties. Therefore, the pre-
sent study was conducted with the objective to identify BGM
resistant genotypes in chickpea germplasm and breeding lines, and
to validate the resistance stability through multi-year and multi-
location ﬁeld evaluations for further use in breeding programmes.
2. Materials and methods
2.1. Plant material and locations
A set of 412 chickpea genotypes including germplasm acces-
sions and breeding lines was evaluated for BGM resistance during
2004e05 under controlled environmental conditions. Selected
genotypes were subsequently evaluated under the same conditions
during 2005e06 at ICRISAT. Based on the two years of controlled
environmental evaluation, a set of 25 chickpea genotypes with high
levels of resistance was selected and an International Botrytis Grey
Mould Nursery (IBGMN) constituted (Table 1).
The nursery was evaluated for BGM resistance at two locations
(Gurdaspur and Pantnagar) in India and two locations (Tarahara(2006e07 to 2009e10) and Nepal (2007e08 to 2009e10).
eason Weather during the growing seasonb
Max. T (C) Min. T (C) Max. RH (%) Min. RH (%) Rain (mm)
006e07 19.2 10.9 100.0 77.4 29.9
007e08 18.9 10.3 97.2 80.2 9.70
008e09 20.5 11.9 99.6 72.2 16.4
009e10 16.1 14.6 94.0 68.1 10.0
006e07 26.9 6.7 92.4 41.2 34.0
007e08 26.0 7.2 90.2 39.4 3.30
008e09 27.1 8.7 90.6 41.6 3.90
009e10 27.9 7.7 90.2 38.4 11.1
007e08 26.0 11.7 87.8 64.6 31.2
008e09 26.1 16.5 91.2 68.1 0.35
009e10 25.9 15.7 92.8 65.2 2.20
creening (2006/2007 ¼ 07; 2007/2008 ¼ 08; 2008/2009 ¼ 09; 2009e10 ¼ 10).
; Min. T, minimum temperature; Max. RH, Maximum relative humidity; Min. RH,
Fig. 1. Frequency distribution for BGM severity of chickpea genotypes together with a
susceptible check (ICC 4954) evaluated in controlled environment at ICRISAT, Patan-
cheru. (A) 412 genotypes during 2004e05 season, (B) 109 selected genotypes in second
round of evaluation (2005e06 season).
M. Sharma et al. / Crop Protection 54 (2013) 106e113108and Rampur) in Nepal. These locations were reported to have high
BGM severity under favourable environmental conditions
(Chaurasia and Joshi, 2001; Pande et al., 2005). In India, the nursery
was evaluated for four crop seasons (2006e07, 2007e08, 2008e09
and 2009e10) and in Nepal for three crop seasons (2007e08 in
Tarahara; 2008e09 and 2009e10 in Rampur) (Table 2).
2.2. Controlled environment evaluation
Seedlings of the test genotypes along with a susceptible check
ICC 4954 were grown in 45  30  5 cm3 plastic trays ﬁlled with
sterilized river sand and vermiculite mixture (10:1) in a green-
house, maintained at 25  2 C for 10 days. Ten genotypes
(including the check) with eight seeds/test row were sown in each
tray. The experiment was conducted in a completely randomized
design (CRD) with three replications and repeated once.
Mass multiplication of the most representative isolate of
B. cinereawas done by growing the pathogen on autoclaved ﬂowers
of Tagetes erecta (marigold) for 8 days at 25 C and 12 h photope-
riod. Conidia from the profusely sporulating culturewere harvested
into sterile distilled water and a conidial suspension at the con-
centration of 3  105 conidia/ml was used as inoculum. Twenty-
four hours before inoculation, 10 day-old seedlings grown in plas-
tic trays were transferred to the plant growth room maintained at
151 Cwith a 12 h photoperiod for acclimatization. The seedlings
were inoculated artiﬁcially by spraying the inoculum on the foliage
until run-off using a hand-operated atomizer. Inoculated plants
were dried for 30 min to avoid dislodging of the spores and,
thereafter, the growth room was maintained at 15  1 C and 95e
100% relative humidity (RH) with a 12 h photoperiod of 2500e
3000 lux intensity. The severity of the disease in all the test ge-
notypes was recorded after 20 days of inoculation using a 1e9
rating scale where, 1 ¼ no infection on any part of the plant and
9 ¼ extensive soft rotting, fungal growth on more than 70% of the
leaves, branches, and stems (Pande et al., 2012). Based on mean
BGM severity, test genotypes were categorized as resistant (1.0e3.0
rating), moderately resistant (3.1e5.0 rating), susceptible (5.1e7.0
rating) and highly susceptible (7.1e9.0 rating).
2.3. Multi-environment evaluations
The IBGMN was laid out in a randomized completed block
design (RCBD) with two replications. Susceptible cultivar (ICC
4954) was sown after every two-test rows to serve as an indicator
and infector row. Forty seeds of each genotype were sown in a 4 m
long test row with row to row spacing of 30 cm and plant to plant
spacing of 10 cm. At the onset of ﬂowering, BGM infected debris
was scattered over the ﬁeld (3e4 kg per 100 m2) in each location
and season. Plants were also inoculated with a spore suspension of
location-speciﬁc B. cinerea (5  104 conidia/ml) at each location
and repeated 2e3 times at 10-day intervals to ensure uniform
disease development and to avoid escape (Pande et al., 2012).
Sprinkler irrigation was used to maintain high RH on the dry days
for 15 min per hour from 1000 to 1600 h to promote infection and
disease development. The data on disease severity was recorded
on 10 randomly selected plants on a 1e9 rating scale (Pande et al.,
2012).
2.4. Statistical analysis
Data for individual environments was analysed using analysis of
variance (ANOVA) for BGM disease severity. Square root trans-
formation was applied before combined analysis to attain
normality of residuals. Further to test presence of G  E in-
teractions, data across 11 environments with 25 genotypes wassubjected to ANOVA. Homogeneity of error variances across envi-
ronments was tested using Bartlett test and found signiﬁcant.
Hence, ANOVAwas carried out using themixedmodel procedure of
the SAS software version 9.3 for Windows (SAS Institute Inc. 2011,
Cary, NC) to model environment error variances. Genotypes, envi-
ronments and G  E interactions were declared signiﬁcant at 5%
(p < 0.05) level.
Stability of genotypes was determined numerically and graph-
ically using the AMMI model (Zobel et al., 1988). The following
AMMI model was used to determine the stability of genotypes
across 11 locations:
yij ¼ mþ gi þ ej þ
XN
n¼1
lnzinhjn; i ¼ 1;2;.; v; j ¼ 1;2;.; s:
where, yij is themean BGM severity of the ith genotype (i¼ 1, 2,.v)
in the jth environment (j ¼ 1, 2.s); m is the grand mean; gi is the
effect of the ith genotype; ej ¼ mean deviation/effect of the jth
environment; ln ¼ eigen value of the nth IPCA axis; zin ¼ genotypic
score of the ith genotype on the nth IPCA; hjn ¼ environment score
of the jth environment on the nth IPCA, n ¼ number of IPC axes
retained in the model.
After selecting the AMMI model, a study of phenotypic stability
of the biplot graphic was designed. This graphic was obtained by
the combinations of the orthogonal axis of the IPCAs. The biplot
term refers to a type of graphic that contains two categories of
points or markers. In this study, it refers to genotypes and
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caused by the main additive effects of genotype and environment,
and the multiplicative effect of the G  E interaction. The abscissa
represents the main effects (overall average of the variables of the
genotypes evaluated) and the ordinate is the ﬁrst interaction axis
(IPCA1). The ideal genotype is one with low disease severity and
IPCA1 values close to zero. Stability of genotypes was also studied
using AMMI2 biplot generated using genotypic and environmental
scores of the ﬁrst two IPCA components. An undesirable genotype
has low stability associated with high disease. Finally, the predic-
tive averages were estimated according to the selected model. Also,
an AMMI stability value (ASV) was calculated in order to rank ge-
notypes in terms of stability using the formula suggested by
Purchase et al. (2000). The AMMI model and biplots were gener-
ated using agricolae package available in R software (R Core Team,
2013). Broad-sense heritability (h2b, deﬁned as the ratio of genetic
variance to the sum of genetic variance and environmental vari-
ance) was estimated for BGM severity across all locations (Aruna
et al., 2011).
3. Results
3.1. Controlled environment screenings
In the process of identiﬁcation of new sources of resistance to
BGM, the preliminary screening of 412 germplasm and breeding
lines under controlled environment at ICRISAT during 2004e2005
revealed a broad range of responses among the tested material
(Fig. 1A). This allowed the selection of 109 resistant lines (score
3.1e5.0 on a 1e9 scale) for further evaluation. Of these, 99 geno-
types were found to have moderate resistance to BGM under the
same conditions during the 2005e2006 season (Fig. 1B). Based on
two years of controlled-environment screening, a set of 25 geno-
types (5 germplasm accessions, 19 breeding lines and a susceptibleTable 3
Average BGM severity (1e9 scale) and ASV of 25 chickpea genotypes together with susce
and Nepal (2007e08 to 2009e10).
Entry no. Genotype BGM severity (1e9 rating scale)
GURD 07 PANT 07 GURD 08 PANT 08 TARA 08 GU
1 EC 516700 3.0 8.0 3.5 7.0 5.5 2.5
2 EC 516716 2.5 5.0 3.5 7.0 6.0 3.5
3 EC 516751 3.0 7.0 3.5 7.0 6.0 3.5
4 EC 516824 3.5 7.0 3.5 7.0 7.0 5.0
5 EC 516891 3.0 6.0 3.5 9.0 6.0 3.5
6 EC 516936 4.0 7.0 3.5 7.0 6.0 4.0
7 EC 516968 3.0 8.0 2.0 7.0 6.5 2.5
8 EC 516976 4.0 7.0 3.5 5.0 6.5 2.5
9 EC 517041 4.0 6.0 3.0 7.0 7.5 3.0
10 ICCV 04609 3.5 6.0 2.5 7.0 5.5 5.0
11 ICCV 05604 3.0 3.0 2.5 7.0 6.5 1.5
12 ICCV 05605 2.5 5.0 2.5 5.0 7.5 2.5
13 ICCV 88103 2.0 6.0 1.0 7.0 6.5 4.5
14 ICCV 89332 3.0 6.0 3.0 9.0 6.0 3.5
15 ICCV 93928 6.5 8.5 2.0 7.0 8.0 5.5
16 ICCV 96817 2.0 5.0 2.5 7.0 6.0 2.0
17 ICCV 96852 2.5 6.0 3.0 6.5 5.5 3.0
18 ICCV 96853 3.0 3.0 4.0 5.0 4.0 4.0
19 ICCV 96859 2.0 5.0 2.5 5.0 4.5 2.5
20 ICC 14344 5.0 6.0 2.5 5.0 9.0 5.0
21 ICC 4063 3.0 9.0 3.5 9.0 7.0 3.0
22 ICC 4065 7.0 9.0 4.5 9.0 7.0 4.5
23 ICC 4074 3.5 7.5 3.0 7.0 6.5 3.5
24 ICC 4951 7.0 8.0 4.5 9.0 8.0 6.5
25 ICC 4954 7.0 7.0 7.0 9.0 7.5 7.0
Mean 3.7 6.4 3.2 7.1 6.5 3.7
SE m 0.4 0.5 0.7 0.3 0.6 0.7
a AMMI stability value.check) were selected and IBGMN constituted (Table 1) to determine
the stability of resistance across 11 environments in India and
Nepal (Table 2).
3.2. Multi-environment evaluations of IBGMN
The BGM disease severity in most of the chickpea genotypes
varied greatly between eleven environments as depicted by their
severity values (Table 3). This is also shown by the frequency dis-
tribution of genotypes in each experiment suggesting a
genotype  environment interaction (Fig. 2). Mean severity ratings
of the susceptible genotype (ICC 4954) at different environments
ranged from7.0 to 9.0 indicating the high disease pressure in all test
environments (Table 3).
The subsequent AMMI analysis of variance for the multi-
environment experiment indicated that the environment, geno-
type and their interaction for BGM severity were signiﬁcant
implying a substantial variation among the genotypes as well as
environments. Among the three sources of variation (genotype,
environment and genotype  environment), the largest portion of
variability for BGM severity was accounted for by the environment
(47.36%), followed by G  E (32.55%) and genotype (20.07%)
(Table 4). The AMMI analysis also showed that the ﬁrst two prin-
cipal components (IPCA1 and IPCA2) together accounted for large
portions of the G  E sum of squaresw48.41% (26.38% and 22.03%
for IPCA1 and IPCA2, respectively, Table 4). Low heritability was
observed for BGM disease severity (29.7%) across the locations.
3.2.1. Stability of genotypes and environments
Effect of genotype (G) and environment (E) was explained by the
AMMI1 (IPCA vs. means of genotype and environment) (Fig. 3) and
AMMI2 (IPCA2 vs. IPCA1) biplots (Fig. 4). In AMMI1 (Fig. 3), the X-
coordinate indicates the main effects (means of G  E) and the Y-
coordinate indicates the effects of interaction (IPCA1). Values closerptible check (ICC 4954) in the eleven environments in India (2006e07 to 2009e10)
ASVa
RD 09 PANT 09 RAMP 09 GURD 10 PANT 10 RAMP 10 Mean
5.0 5.0 4.5 6.5 7.0 5.2 0.494
7.0 6.5 4.0 5.0 7.0 5.2 0.896
5.0 7.5 4.0 5.0 7.5 5.4 0.934
5.0 7.5 4.5 7.0 4.5 5.6 0.703
6.0 5.0 5.0 9.0 6.5 5.7 0.372
5.5 5.5 4.0 8.0 7.0 5.6
3.0 6.0 2.5 7.0 6.5 4.9 1.301
7.0 7.0 5.5 7.0 7.0 5.6 0.371
9.0 5.0 4.0 8.0 6.5 5.7 0.527
5.0 3.0 4.5 5.0 5.5 4.8 0.907
5.0 5.0 3.0 5.0 7.0 4.4 0.755
7.0 5.5 3.5 5.0 6.0 4.7 0.671
3.0 5.0 5.5 9.0 5.0 5.0 1.458
9.0 5.0 4.0 6.5 7.0 5.6 0.740
7.0 4.0 5.5 5.5 5.0 5.9 1.385
7.0 6.0 2.5 5.0 8.0 4.8 1.323
6.5 3.5 3.5 3.5 7.0 4.6 0.795
5.0 3.0 4.0 3.0 4.5 3.9 1.230
3.0 5.5 2.5 3.0 5.5 3.7 0.571
7.0 5.5 5.0 7.5 5.5 5.7 0.883
7.0 8.0 3.0 7.5 6.0 6.0 1.137
7.0 7.5 5.5 7.5 6.0 6.8 0.496
5.0 8.0 3.5 4.5 7.0 5.4 1.000
7.0 4.0 6.0 8.5 6.5 6.8 1.509
8.5 7.5 7.0 9.0 7.0 7.6 0.835
6.1 5.6 4.3 6.3 6.3 5.4 e
0.3 0.9 0.4 0.4 0.7 e e
Fig. 2. Frequency distribution for BGM severity of 25 chickpea genotypes together with a susceptible check (ICC 4954) in the 11 environments in India and Nepal. The different
patterns point to genotype  environment interaction. Position of susceptible check (ICC 4954) is shown by arrow.
M. Sharma et al. / Crop Protection 54 (2013) 106e113110to the origin of the axis (IPCA1) contributed less to the interaction
than those that were further away. Genotypes G4 (EC 516824), G5
(EC 516891), G6 (EC 516936) and G9 (EC 517041) showed greater
stability; however, BGM severities for these genotypes were higher
than the overall average (5.4 on 1e9 scale). Genotype G25 (ICCTable 4
Analysis of variance and partitioning of the G  E interaction for BGM severity of 25 chi
Nepal (2007e08 to 2009e10) by the AMMI method.
Sources of variation Degrees of freedom Sum of squares Mean sum
Genotypes (G) 24 401.3 16.72*
Environments (E) 10 946.7 94.67*
G  E 240 650.8 2.71*
Treatments 274 1998.8 7.29*
Block 11 29.4 2.67*
IPCA1 33 171.7 5.20*
IPCA2 31 143.4 4.63*
Residuals 176 335.7 1.91*
Error 264 177.6 0.67*
a F tests were done using the error mean square as a denominator.4954), the susceptible check, showed maximum disease severity
(7.6) and was placed far from the origin of the axis. Genotype G24
(ICC 4951) was the most unstable and had BGM severity of 6.8. The
genotypes with low severity andmoderate stability were G19 (ICCV
96859, BGM score 3.7), G18 (ICCV 96853, BGM score 3.9), G11 (ICCVckpea genotypes evaluated in 11 environments in India (2006e07 to 2009e10) and
of squares Fa value P value Explained % Accumulated %
24.85 <0.0001
35.42 <0.0001
4.03 <0.0001
10.84 <0.0001
3.97 <0.0001
7.73 <0.0001 26.38 26.38
6.88 <0.0001 22.03 48.41
2.84 <0.0001
e e
Fig. 3. AMMI1 biplot showing the ICPA1 vs. means for the BGM severity of 25 chickpea
genotypes evaluated in 11 environments in India and Nepal. Environments are shown
as the ﬁrst four letters of each location followed by year of screening and genotypes
were represented by G followed by their serial number. Refer to Tables 1 and 2 for full
names of genotypes and environments, respectively.
M. Sharma et al. / Crop Protection 54 (2013) 106e113 11105604, BGM score 4.4), G17 (ICCV 96852, BGM score 4.6) and G12
(ICCV 05605, BGM score 4.7).
For the environments, differences can be seen both in their main
effect and interaction effect (Fig. 3). In themain effect, GURD 08 had
the lowest mean rating which means low BGM severity (3.2), fol-
lowed by GURD 07 and GURD 09 each with a disease score of 3.7Fig. 4. AMMI2 biplot showing the ﬁrst two principal axes of interaction (ICPA2 vs.
ICPA1) for the BGM severity of 25 chickpea genotypes evaluated in 11 environments in
India and Nepal. Environments are shown as the ﬁrst four letters of each location
followed by year of screening and genotypes were represented by G followed by their
serial number. Refer to Tables 1 and 2 for full names of genotypes and environments,
respectively.and GURD 10 (4.3). In these locations, average disease severity
recorded was below the overall average (5.4), indicating that these
were favourable environments for expression of resistance. The
environments RAMP 10, PANT 10, GURD 07 and GURD 09 contrib-
uted signiﬁcantly to the interactions, however the environment
with least contribution to the interaction was TARA 08 (Fig. 3).
AMMI2 biplot analysis (Fig. 4) indicated that genotypes G8 (EC
516976), G5 (EC 516891) and G6 (EC 516936) were the most stable;
as these genotypes were positioned near the origin of the biplot
and contributed least to the G  E interactions. The other stable
genotypes found adjoining were G19 (ICCV 96859), G1 (EC 516700)
and G22 (ICC 4065) (Fig. 4). The stability of these genotypes was
also indicated by their low ASV values (Table 4). The G  E inter-
action was highest in genotypes G24 (ICC 4951) and G15 (ICCV
93928) as they were placed far from the biplot origin.
The biplot also indicated that environment TARA 08 was the
largest contributor to the phenotypic stability of genotypes (Fig. 4).
In this environment, no difference (p > 0.001) was found in BGM
severity among genotypes via the individual ANOVA. On the other
hand, environments RAMP 09, PANT 09, GURD 09, RAMP 10, PANT
07, and PANT 10 mostly contributed to the G E interaction as they
were positioned far from the origin in the AMMI2 biplot. Genotypes
and environments positioned close to each other in the biplot have
positive interaction e.g. G17 with GURD 08, G13 with PANT 10, G15
and G24 with GURD 09, G20 and G10 with GURD 10 (Fig. 4).4. Discussion
Developing chickpea cultivars with high levels of BGM resis-
tance has been challenging due to the lack of sources of high levels
of resistance in chickpea (Davidson et al., 2004; Pande et al., 2006;
Isenegger et al., 2011). Stability of resistance to B. cinerea is crucial
for the success of a breeding programme. Multi-year and multi-
location evaluations are important to identify stable sources of
disease resistance. In the present study, 412 genotypes were
screened under controlled environmental conditions during 2004e
05 as a ﬁrst step to discard the highly susceptible genotypes.
Further evaluations performed under the same conditions during
2005e06 allowed reﬁnement of selection of genotypes for multi-
environment and multi-year evaluation. Individual analysis of
ﬁeld trials at different locations revealed differences in the
response of the genotypes to BGM. Variations in frequency distri-
butions of genotypes showed that it is necessary to check the sta-
bility of the genotypes through multi-location and multi-year
testing.
An understanding of the G  E interactions is essential for the
implementation of efﬁcient evaluation and selection of stable
sources of resistance. Currently, studies involving the interpretation
of stable resistant sources in chickpea using G  E interactions are
limited. In this study, the AMMI model was used to evaluate the
phenotypic stability of 25 chickpea genotypes to BGM across 11
environments in India and Nepal. The AMMI analysis showed that
variation in disease severity was mainly contributed by environ-
ment (47.36%) indicating that the locations were diverse. This was
also reﬂected by low broad sense heritability for BGM severity
(29.7%) across locations (Aruna et al., 2011). The ﬁrst two principal
component axes were signiﬁcant and both sums contributed
48.21% to the total G  E interaction. The greater effect of envi-
ronment followed by G  E interaction has also been reported by
Shagol and Tad-awan (2008) and Aruna et al. (2011). The incon-
sistency in phenotypic expression among environments is
frequently encountered in BGM resistance evaluations (Villegas-
Fernandez et al., 2009, 2011) due to pathotype variation, cultivar
speciﬁcity of the different genotypes and other factors like weather,
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Rewal and Grewal, 1989; Isenegger et al., 2008; Pande et al., 2010).
The AMMI biplot analysis is a useful tool in explaining the
speciﬁc patterns of main effects and G E interactions of genotypes
and environments simultaneously (Crossa et al., 1990). In the
AMMI1 biplot, genotype EC 516824 (G4), EC 516891 (G5), EC
516936 (G6) and EC 517041 (G9) showed greater stability, since the
coordinates on the axis were the lowest ICPA1; however their BGM
severity was high. Genotype ICCV 96859 (G19) could be highlighted
as this had the lowest BGM severity (3.7) and moderate stability.
Shagol and Tad-awan (2008) reported that the environment placed
far towards the left has the lowest mean rating and vice-versa as
indicated in location GURD 08, that had the lowest BGM severity
(3.2), while PANT 08 had the highest mean disease severity (7.1).
Locations RAMP 09, PANT 09 and RAMP 10 positioned far from the
origin were shown to exert strong interactive forces on BGM
severity. These environments are more discriminating which
means the genotypes reacts in various degrees in these
environments.
In the present study, we found genotypes EC 516976 (G8), EC
516891 (G5) and EC 516936 (G6) were more stable and positioned
near the origin of the biplot and contributed least to the G  E
interactions. The statistically stable genotypes and environments
were represented by points near to the origin in the AMMI2 biplot
(Guerra et al., 2009). The other stable genotypes found adjoining
were ICCV 96859 (G19), EC 516700 (G1) and ICC 4063 (G22). An
AMMI stability values (ASV) also indicated that EC 516891 (G5) and
EC 516936 (G6) had the lowest value and more stability, while
genotypes ICCV 88103 (G13) and ICC 4951 (G24) were least stable
with a larger ASV value. Naroui Rad et al. (2013) and Purchase et al.
(2000) also revealed that the lower the ASV value, the more stable
the genotypes. Guerra et al. (2009) observed that genotypes and
environments with IPCA scores with the same sign had speciﬁc
positive interaction (RAMP 09 with G23) and those with the
opposite sign had speciﬁc negative interaction (RAMP 09 with G18
and PANT 09 with G9 and G19).
In environments with high stability, genotypes with general
adaptability tend to perform well and can be selected with greater
safety. On the other hand, environments with high G  E interac-
tion (high instability) such as RAMP 09, PANT 09, RAMP 10, PANT 07
and PANT 10 should be avoided in the preliminary stages, because
the tendency is to select genotypes with speciﬁc adaptability to
these sites. The order of the genotypes in a stable environment is
more reliable, because the classiﬁcation is determined by genotypic
effects (where the G E interaction is zero) (Duarte and Vencovsky,
1999).
It was possible to estimate the phenotypic responses of each
genotype in a given environment by the AMMI2 biplot (Fig. 4).
Strong positive interaction was found between G17 and GURD 08,
G13 with PANT 10, G15 and G24 with GURD 09 and G20 and G10
with GURD 10. This implies that BGM severity seems to be favoured
when these genotypes are grown in these environments.
From this study, it is concluded that, the AMMImodel facilitated
the selection of ﬁve genotypes ICCV 96859, ICCV 96853, ICCV
05604, ICCV 96852 and ICCV 05605 with moderate BGM severity
and stability. Genotype ICCV 96859 having least BGM severity and
moderate stability could be exploited in chickpea resistance
breeding programmes.
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